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Abstract. In this work we describe different types of photonic structures that allow tunability of the photonic band gap 
upon the application of external stimuli, as the electric or magnetic field. We review and compare two porous 1D 
photonic crystals: in the first one a liquid crystal has been infiltrated in the pores of the nanoparticle network, while in 
the second one the optical response to the electric field of metallic nanoparticles has been exploited. Then, we present a 
1D photonic crystal made with indium tin oxide (ITO) nanoparticles, and we propose this system for electro-optic 
tuning. Finally, we describe a microcavity with a defect mode that is tuned in the near infrared by the magnetic field, 
envisaging a contact-less magneto-optic switch. These optical switches can find applications in  ICT and electrochromic 
windows. 
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Introduction 
The active tuning of the optical response of photonic crystals is attracting increasing attention in 
view of several applications, as for example electro-optic switching for information and 
communication technology, or electrochromic windows for the spectral control of sun irradiation of 
buildings in order to optimize their heating or the realization of new, color displays. Due to the 
refractive index modulation in a photonic crystal1–3, the photonic band gap can be actively tuned 
either by modifying the refractive index of the components or by changing the pitch of the periodic 
structure. The electric field is a widely used external stimulus for achieving resonance tuning , as 
documented by an extensive literature4. For example, a broad tunability that covers all the visible 
spectra have been reported with opals and inverse opals based on poly ferrocenylsilane 5,6. 
Alternatively, one can achieve tuning of the photonic band gap by applying an external magnetic 
field. This is a very interesting approach to make contactless switches, because it does not need 
electrodes in contact with the optical structure 7–11. 
In this work, we compare our recent results on the electric/magnetic tunability of the photonic band 
gap of 1D photonic crystals. In the first part, we report on the fabrication of a 1D photonic crystal 
made of alternating layers of silica and zirconia nanoparticles, infiltrated with the liquid crystal 
mixture E7 [composed of 4-cyano-4’-n-pentyl-biphenyl (5CB), 4-cyano-4’-n-heptyl-biphenyl  
(7CB), 4-cyano-4’-n-octyl-biphenyl (8CB) and 4-cyano-4’-pentyl-p-terphenyl 12]; such system has 
shown a blue shift of the band gap of 8 nm upon application of a voltage of 8 V 13,14. In the second 
part, we show a 1D photonic crystal made of silver nanoparticles alternated with titania 
nanoparticles; such system has shown a blue shift 10 nm with an external voltage of 10 V 15. While 
the first system exploits the electro-optic properties of liquid crystals, the second one is based on the 
change of carrier density in the metals that affects the plasmon resonance spectral position. 
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Furthermore, we show an ITO/titania nanoparticle 1D photonic crystal with promising electro-optic 
tunability and, finally, we demonstrate the possibility to achieve a magnetic field driven tunability 
of 1D photonic microcavity by infiltrating a magnetically active material as Tb53Ga5O12 (TGG). 
 
Methods 
Sample preparation: Porous photonic crystals, as synthetic opals and nanoparticle based 
multilayers, can be infiltrated with different materials like metals 16,17 and conjugated polymers 18. 
he experimental procedure to fabricate the silica/zirconia nanoparticle 1D photonic crystal and its 
infiltration with E7 liquid crystal mixture is reported in Ref. 13. Instead, the process to fabricate the 
silver/titania nanoparticle 1D photonic crystal is reported in Ref. 15. 
For the fabrication of the ITO/titania nanoparticle 1D photonic crystals, we suspended the TiO2 
nanoparticles (Gentech Nanomaterials, average size 5 nm) in deionized water to obtain a 
concentration of 5 wt. %. ITO nanoparticles (Gentech Nanomaterials, average size 20-30 nm) were 
diluted with distilled water to a final concentration of 5 wt. %. The dispersions were sonicated for 
120 minutes at room temperature and filtered with a 0.45 µm PVDF filter.	The	dispersions	were	then	 spin-cast	 on clean glass substrates, which were previously sonicated in isopropanol and 
acetone for 5 minutes and subjected to an oxygen plasma treatment (10 minutes) to remove organic 
contaminants and improve wettability. The photonic crystal were fabricated using a spin coater 
Laurell WS-400- 6NPP-Lite. The rotation speeds for the deposition were 2000 rotations per minute 
(rpm). After each deposition, the sample were annealed for 10 minutes at 350 °C on a hot plate 
under the fume hood. 
Optical characterization: The experimental setups to perform the electric field dependent light 
transmission for the liquid crystal infiltrated photonic crystal and for the silver/titania photonic 
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crystal are reported in Refs. 13,15 The light transmission spectra of the ITO/titania photonic crystals 
have been recorded with a Perkin Elmer spectrophotometer Lambda 1050 WB. 
Modeling of the optical properties: To model the light transmission of the photonic structures we 
have employed the transfer matrix method, described in 19–23. We study the arrangement in which 
light impinges normally the glass substrate, the multilayer and then air. For air and glass the 
parameters employed in the simulations are the refractive index of glass ns and the refractive index 
of air n0. We can write an expression that gives the electric and magnetic fields in air, E0 and H0, 
with the electric and magnetic fields in glass, Em and Hm: 
𝐸!𝐻! = 𝑀!!!!! 𝐸!𝐻! = 𝑚!! 𝑚!"𝑚!" 𝑚!! 𝐸!𝐻!      (1) 
with x number of layers and Mj the characteristic matrix of the jth layer [j=(1,2,…,x)] 
𝑀! = 𝑐𝑜𝑠 𝜙! − !!!𝑠𝑖𝑛 𝜙!−𝑖𝑝!𝑠𝑖𝑛 𝜙! 𝑐𝑜𝑠 𝜙!       (2) 
with 𝜙! the phase variation of the light wave passing through the layer. For normal incidence of 
light 𝜙! = 2𝜋/𝜆 𝑛!𝑑!, where nj is the refractive index of the layer and dj the layer thickness. 𝑝! = 𝜀! 𝜇! in transverse electric (TE) wave [while qj=1/pj replace pj in transverse magnetic (TM) 
wave, taking into account that, at normal incidence, the transmission spectra for TE and TM waves 
are the same. 
We can thus write the transmission coefficient 
𝑡 = !!!!!!!!!"!! !!! !!"!!!!!!       (3), 
and the transmission 
𝑇 = !!!! 𝑡 !         (4). 
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Results and Discussion 
Liquid crystal infiltrated 1D porous photonic crystals: As depicted in the scheme in Figure 1, a 1D 
porous photonic crystal made of SiO2 and ZrO2 nanoparticles has been fabricated on a indium tin 
oxide substrate and then sandwiched with an additional ITO substrate on top. Later, the E7 liquid 
crystal mixture has been infiltrated in the pores among the nanoparticle network. 
 
 
Figure 1. Scheme of the 1D porous photonic crystals embedded between two layers of indium tin oxide (ITO) in order 
to apply an external electric field. We sketched only two bilayers. 
 
When the liquid crystal is embedded in the porous photonic crystals, the refractive index of each 
layer is due to the suitable combination of the one of silica (or zirconia) and the isotropic refractive 
index of E7. Modulation comes into play when the voltage is applied, because the refractive index 
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of E7 is then that of the molecules aligned with the electric field (ordinary refractive index) which, 
in turns, is lower with respect to the isotropic one. 
 
Figure 2. Shift of the photonic band gap as a function of the applied voltage. The initial position in wavelength for the 
liquid crystal infiltrated photonic crystal (LC SiO2/ZrO2) is 456 nm (2.72 eV), while the one of the Ag/TiO2 is 630 
nm(1.97 eV). The voltage for the LC SiO2/ZrO2 photonic crystal is modulated (square waveform at 1 kHz), while the 
one for Ag/TiO2 is continuous. 
 
Tunable silver/titania 1D photonic crystals under electric field: In a photonic crystal made by silver 
nanoparticles and titania nanoparticles the active tuning with the electric field (Figure 2, blue curve) 
is possible because of the possibility to change the number of carrier in the silver nanoparticles, 
controlling the plasmonic response of this material. In the system the electric field is increasing the 
number of carriers in the silver nanoparticles. Such change is leading to a blue shift of the plasma 
frequency 𝜔! = 𝑁𝑒! 𝑚∗𝜀! , with N number of carriers, e the electron charge, m* the effective 
mass and ε0 the vacuum permittivity. By employing the Drude model and the Maxwell-Garnett 
effective  medium approximation to determine the refractive index of the silver nanoparticle layers 
and we use this refractive index in the transfer matrix theory, we can fit the blue shift of the 
photonic band gap, finding a good agreement between the experiment and the suggested model 15. 
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We would like to underline that the first system presented, i.e. the liquid crystal infiltrated photonic 
crystal, is indeed a liquid/solid state device, while the silver nanoparticle based photonic crystal is a 
completely solid state device. 
ITO/titania 1D photonic crystals: We have fabricated 1D porous photonic crystals by employing 
ITO nanoparticles and titania nanoparticles. In Figure 3a we show the absorption spectra of these 
photonic crystals for two different rotations per minute (rpm) of the spin coater, thus different layer 
thicknesses (we used the same rpm values for ITO and titania). In the spectra the photonic band gap 
at around 500 nm is clearly visible, together with the intense plasmon resonance of ITO in the 
infrared (we performed the measurement up to 2600 and we observed only the blue tail of the 
plasmon resonance). 
a)   b) 
Figure 3. (a) Light transmission spectra of ITO/TiO2 photonic crystals as a function of the spin coating speed; (b) 
Simulation employing the transfer matrix method, the Maxwell-Garnett effective medium theory and the Drude model. 
ITO is a very interesting material that belongs to the family of the so-called degenerately doped 
metal oxides24. ITO nanoparticles show a strongly tunable infrared plasmon resonance. For this 
reason, a photonic crystal that employs ITO nanoparticles is a promising electro-optic switch. In 
Figure 3b we show that, with a proper change of the plasma frequency and the high frequency of 
the dielectric function of ITO 25, we observe a clear blue shift of the photonic band gap. In 
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particular, 𝜔!,! = 1.24 eV and 𝜀! = 4 for the blue curve, while 𝜔!,! = 1.49 eV and 𝜀! = 3.7 for 
the red curve. 
Magneto-optic 1D microcavities: Recently, very interesting works report the fabrication and 
characterization of magnetophotonic crystals 26–29. We suggest here a microcavity with embedded 
TGG, which is a magnetically active material. We have shown in Ref. 11 the operation of this type 
of microcavity in the visible range. Here we show the possibility to tune the defect mode of this 
cavity in the near infrared. TGG was embedded between two photonic crystals made of silica and 
yttria (Y2O3). For an accurate analysis of the light transmission through this microcavity, we took 
into account the dispersion of the refractive index and the Verdet constant of TGG, silica and yttria. 
The two different refractive indexes for clockwise and counter-clockwise circularly polarized light 
that propagate through the multilayer structure, with a magnetic field 𝐵 parallel to the direction of 
propagation of light, can be written in the following way 7: 
𝑛!,! 𝜆 = 𝑛(𝜆)± !(!)!!!!        (5) 
with 𝑛(𝜆) the wavelength dependent refractive index (taking into account that for all the materials 
employed we assume 𝜇 ≈ 1, also for TGG 30), V the Verdet constant, which is also wavelength 
dependent. 
We fit the experimental data from Ref. 31 to get the dispersion of the refractive index of TGG: 
𝑛!""! (𝜆)− 1 = !.!"#!!!!!!.!"#$%       (6) 
with wavelength in micrometers. 
The wavelength and temperature dependent Verdet constant for TGG is take from Ref. 32: 
𝑉 𝜆,𝑇 = + !"#!!!!!!!!! − !"×!"! !!!!!!! !!!!!! − !"!#!!!!     (7) 
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with wavelength in nm. The Verdet constant is referred to the ceramic material K4 (by Konoshima 
Chemical, Co. Ltd.), with λ0 = 237 nm (wavelength of the absorption resonance) and TW = 7.6 K 
(Curie-Weiss temperature).  
We have also taken into account the Sellmeier equation and Verdet constant for silica (reported in 
Ref. 33 and Refs. 34–36, respectively) and for yttria (reported in Ref. 37 and Ref. 38, respectively). 
a)  
b)  
Figure 4. a) light transmission spectrum for a TGG microcavity without magnetic field applied (red curve), and with an 
applied magnetic field of 5 T, at a temperature of 8 K, for the clockwise σ+ (blue curve) and the counter-clockwise σ- 
(dark yellow curve) polarizations. b) Spectral position of the cavity defect, at a temperature of 8 K, as a function of the 
applied magnetic field (clockwise polarization in red and counter-clockwise polarization in blue). 
 
In Figure 4a we show the light transmission of the microcavity, at 8 K, without magnetic field 
applied (red curve), and with applied magnetic field of 5 T for the clockwise σ+ (blue curve) and 
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the counter-clockwise σ- (dark yellow curve) polarizations. In Figure 4b we show the spectral 
position of the defect modes as a function of the magnetic field, with a maximum shift of 35 nm at 
15 T. 
 
 
Conclusion 
In this work we have shown different possibilities of active tuning of the optical response of 1D 
photonic crystals and microcavities. We review and compare two 1D porous systems: the first one 
with a liquid crystal infiltrated in the pores of the photonic structure, while the second is a photonic 
structure employing silver nanoparticles. We also show the light transmission of ITO/titania 1D 
photonic structures, envisaging the promising electro-optic switching capability. Finally, we 
describe a magneto-optic in the near infrared made with a TGG based microcavity. Such all-optical 
switches can be employed in a range of applications, including  ICT and electrochromic windows. 
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